Highlights d Purkinje cell-intrinsic plasticity is induced by TNF-a released from microglia d TNF-a and ATP following microglial activation facilitate synaptic transmission d Acute inflammation in the anterior cerebellum resulted in depression-like behaviors d Suppression of microglia rescued both hyperexcitability and behavioral modulation SUMMARY Cerebellar dysfunction relates to various psychiatric disorders, including autism spectrum and depressive disorders. However, the physiological aspect is less advanced. Here, we investigate the immune-triggered hyperexcitability in the cerebellum on a wider scope. Activated microglia via exposure to bacterial endotoxin lipopolysaccharide or heat-killed Gram-negative bacteria induce a potentiation of the intrinsic excitability in Purkinje neurons, which is suppressed by microglia-activity inhibitor and microglia depletion. An inflammatory cytokine, tumor necrosis factor alpha (TNF-a), released from microglia via toll-like receptor 4, triggers this plasticity. Our two-photon FRET ATP imaging shows an increase in ATP concentration following endotoxin exposure. Both TNF-a and ATP secretion facilitate synaptic transmission. Regionspecific inflammation in the cerebellum in vivo shows depression-and autistic-like behaviors. Furthermore, both TNF-a inhibition and microglia depletion revert such behavioral abnormality. Resting-state functional MRI reveals overconnectivity between the inflamed cerebellum and the prefrontal neocortical regions. Thus, immune activity in the cerebellum induces neuronal hyperexcitability and disruption of psychomotor behaviors in animals.
Correspondence gohtsuki@neurosci.biophys. kyoto-u.ac. jp In Brief Yamamoto et al. find that during acute inflammation in the cerebellum, both nonsynaptic (intrinsic excitability) and synaptic plasticity are induced by inflammatory cytokines released from microglia via TLR4 pathways. A battery test of animal behaviors and rs-fMRI suggest a reduction of animal behavior and abnormal brain functional connectivity, which immune suppression recovered.
INTRODUCTION
Excessive activation of microglia-the resident immune cells of the CNS-causes neuroinflammatory responses following immune challenges in the brain. Although accumulating evidence supports a notion that microglia are associated not only with inflammation, consisting of ''tumor, rubor, calor, et dolor (tumor, blush, heat, and pain)'' because of microbial pathogens, but also with emotional or mood-related psychiatric diseases, accompanied by psychological stress or morbidity, the full physiological effects of immune-related responses on the CNS remain unclear (Saijo and Glass, 2011; Aguzzi et al., 2013; Yirmiya et al., 2015; Xanthos and Sandk€ uhler, 2014; Chung et al., 2015; Tay et al., 2017; Paolicelli et al., 2011; Parkhurst et al., 2013; Prinz and Priller, 2017) .
Previous reports showed that transient exposure of hippocampal slices to the Gram-negative bacterial endotoxin lipopolysaccharide (LPS) activates microglia, and it increases in the presynaptic release of excitatory transmitter (Pascual et al., 2012) . Exposure to LPS also depresses the postsynaptic efficacy of glutamate receptors under conditions of low oxygenation (Zhang et al., 2014) . In these studies, activated microglia release ATP and reactive oxygen species, resulting in the induction of synaptic plasticity. Inflammatory cytokines are also known to modulate synaptic transmission (Beattie et al., 2002; Pribiag and Stellwagen, 2013; Santello et al., 2011; Habbas et al., 2015) . In contrast, CNS neurons exhibit a form of non-synaptic plasticity that enables them to modify intrinsic membrane properties in response to external activity. In addition, neurons change the firing pattern and the membrane excitability of dendrites over the long term. Independent from synaptic plasticity, changes in the intrinsic excitability of neurons may provide a second type of plasticity, which relates to learning and memory engrams (Marder et al., 1996; Hansel et al., 2001; Daoudal and Debanne, 2003) . A hypothesis has suggested that synaptic plasticity primarily establishes connectivity patterns among neurons through structural changes in synapses, whereas plasticity of intrinsic excitability provides the main mechanism for integrating neurons into active engrams. It may establish functional connectivity between brain regions and may modulate animal behavior (Titley et al., 2017) . Several reports showed that activated microglia alter non-synaptic membrane excitability in neurons and synaptic transmission via tumor necrosis factor (TNF) alpha in the neocortex or hippocampus (Gao et al., 2014; Klapal et al., 2016; Kato et al., 2016; Tzour et al., 2017) ; however, direct evidence regarding the long-term plasticity of intrinsic excitability via microglia, the mechanisms at the cellular level, and the relevance to animal diseases is lacking. Thus, whether microglia drive the activity pattern of neurons in which neuroinflammation occurs in a brain is not well understood.
In the cerebellum, Purkinje cells are the principal output neurons and have primary dendrites with highly arborized branches. A characteristic response pattern of spike firing without glutamatergic-fiber projections (i.e., parallel fiber and climbing fiber) is determined by the intrinsic membrane properties derived from various active ion channels (Raman and Bean, 1999) , including Ca 2+ -activated potassium (K + ) channels Khodakhah, 2002, 2004) . Purkinje cells show an activity-dependent increase in spike firing through of the modulation of intrinsic membrane properties Ohtsuki et al., 2012; Grasselli et al., 2016; Ohtsuki and Hansel, 2018) . This long-lasting form of excitability changes is called intrinsic plasticity. Intrinsic plasticity is induced via both the phosphatase-dependent signaling and the downregulation of small conductance Ca 2+ -activated K + channels (SK channels), associated with the increase in the excitability of dendrites. Voltage-gated K + channel (Kv)-, SK-, and large-conductance Ca 2+ -activated K + channel BK-type K + channels are known to actively dampen back-propagation of somatic sodium spikes in dendrites (Martina et al., 2003; Rancz and Hä usser, 2006; Ohtsuki et al., 2012) . Hyperpolarization of membrane potential of Purkinje cells improves the propagation of action potential through the axon with high fidelity, up to $260 Hz (Monsivais et al., 2005) . The output firing pattern of Purkinje cells is translated into intense inhibition to the cerebellar nuclei (CbN) as rebound potentials followed by spike bursting (Zheng and Raman, 2010) . Spike bursting in the CbNs is correlated to ongoing locomotion in vivo (Sarnaik and Raman, 2018) . Therefore, changes in the firing pattern of cortical Purkinje cells (e.g., via intrinsic plasticity) plausibly modulate animal behavior (Schonewille et al., 2010) . However, the projected regions from cerebellar cortex into the CbNs are specifically distinguished among dentate, fastigial, and interposed nuclei (Bagnall et al., 2009 ). Among these regions, the fastigial nuclei are assumed to be involved with autonomic disturbance and related behaviors. For example, the electrical stimulation of the rostral fastigial nuclei elicits hypertension and offensive behaviors of animals (Reis et al., 1973) . Given that microglia activation in the cerebellar cortex induces hyperexcitability of output neurons through intrinsic plasticity, it is assumed that the cerebellar region-specific inflammation can modulate animal behaviors, relating to the corresponding projection region in the CbNs.
Invasion of bacterial product into brain disturbs its function through excessive immune responses (Yirmiya et al., 2015) . In the present study, we investigated whether microglia, activated by exposure to bacterial endotoxin or heat-killed bacteria, modulate cerebellar neuronal excitability. In addition, we aimed to elucidate the induction mechanism of excitability plasticity. Furthermore, we examined the effect of aberrant neuronal excitability on animal behavior and functional connectivity during the acute state of cerebellar inflammation in individual regions, and we challenged whether the symptoms of acute cerebellitis could be rescued.
RESULTS

Microglia Modulate the Intrinsic Excitability of Cerebellar Purkinje Neurons
To investigate the nature of immune-neuron interactions, we examined the neuronal excitability of Purkinje cells under slice preparation following exposure to the endotoxin LPS (10-12 mg/mL), an outer membrane component of Gram-negative bacteria, which activate microglia. LPS was applied to cerebellar slices in a bath chamber. After that, we examined the firing properties of Purkinje neurons by whole-cell patch-clamp recording and under current clamp ( Figures 1A and 1B) . The firing frequency of neurons in response to depolarization with different current pulses was significantly higher after LPS application than under control conditions. To investigate the time course of firing changes, we subjected slices to transient LPS exposure; then, we continuously monitored subsequent firing properties for more than 30 min. Firing frequency was significantly higher relative to baseline following LPS exposure compared with control (*p < 0.001) ( Figures 1C and 1D ). The tendency toward a correlation between original excitability and change in excitability was not prominent (pairwise correlation coefficient = 0.176, n = 8), implying that firing changes are not biased toward the original state of the neurons. The duration of this plasticity was more than 70 min (*p < 0.05) ( Figure S1A ). Following our series studies , we monitored the firing property under suppression of g-aminobutyric acid A (GABA A ) receptor activity, using 100 mM picrotoxin throughout the study, except for as shown in Figure S1A .
We next applied heat-killed Gram-negative bacteria (Figure 1E) . Because the LPS is the extract of Gram-negative bacteria, it is necessary to clarify whether the invasion of the Gramnegative bacteria may modulate the neural excitability. After treatment with heat-killed Escherichia coli (E. coli) 0111:B4 (HKEB) or heat-killed Pseudomonas aeruginosa (HKPA) (10 7 cells/mL), treated neurons exhibited significantly higher firing frequencies than control neurons. However, exposure to Grampositive bacteria (heat-killed Streptococcus pneumoniae [HKSP]), which have no LPS, did not lead to significant increases in firing of Purkinje neurons. Results from long-term recordings indicated an increase in firing frequency following exposure to heat-killed Gram-negative bacteria ( Figures 1F and 1G ) (HKEB and HKPA, *p < 0.03), but not Gram-positive bacteria (HKSP, p > 0.1). Action potential waveforms also suggested that neurons showed enhanced excitability following endotoxin exposure (Table S1 ). Another major cell-wall component derived from E. coli, peptidoglycan, did not significantly alter the waveforms (Table S1 ). Experiments with 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) suggested that this firing plasticity was induced without the involvement of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) receptors (*p < 0.05) ( Figure S1B ). Therefore, our findings suggest that exposure to endotoxin substantially altered the intrinsic membrane excitability of Purkinje neurons.
Previously, Belmeguenai et al. (2010) demonstrated that Purkinje cells exhibit intrinsic plasticity, which is defined as an increase in firing frequency lasting more than 30 min. Simultaneous somato-dendritic recordings demonstrated enhancement of dendritic excitability accompanied by intrinsic plasticity (Ohtsuki et al., 2012; Ohtsuki and Hansel, 2018) . These increases in firing frequency and dendritic excitability are induced by transient depolarization of the neuronal membrane via both phosphatase-dependent signaling and downregulation of SK channels. Findings from Purkinje cell-specific conditional knockout mice for protein phosphatase (PP) 2B suggest that induction of intrinsic plasticity occurs through PP2B molecules (Schonewille et al., 2010) . Here, we monitored intrinsic plasticity induction by 5-Hz somatic depolarization after exposure to LPS ( Figure S1C ), and we found that intrinsic plasticity was occluded in such a condition. LPS exposure before 5-Hz depolarization conditioning prevented the induction of intrinsic plasticity. We also monitored the firing pattern in response to LPS exposure under blockade of the SK channels by apamin ( Figure S1D) ; here, the LPS-triggered firing increase was impaired. Results of both occlusion of intrinsic plasticity induction by pre-exposed LPS ( Figure S1C ) and impairment of LPS-triggered intrinsic plas-ticity induction under SK-channel blockade ( Figure S1D ) suggest that the firing increase following endotoxin exposure was induced by the same molecular signaling for intrinsic plasticity . The suppression of intraneuronal Ca 2+ and PPs PP1, PP2A, and PP2B impaired the induction of plasticity (Figures S1E-S1G). These results suggest that the firing-increased plasticity by LPS is mediated by intraneuronal Ca 2+ and PPs.
We next investigated changes in action potentials on both soma and dendrites after LPS application ( Figures 1H and 1I ). The amplitude of the back-propagated action potentials (bAPs) in Purkinje cell dendrites was increased and accompanied by intrinsic plasticity induction (Ohtsuki et al., 2012; Ohtsuki and Hansel, 2018) . Here, we applied somatic depolarization pulses under control conditions, in the presence of the SK-channel blocker, and after LPS exposure. bAP voltage on dendrites was significantly increased following LPS administration (*p < 0.04), relative to those under SK-channel blockade (A) Representative action potential (AP) firings of control neurons and Purkinje neurons treated with lipopolysaccharide (LPS) (10-12 mg/mL) in response to depolarization pulses. (B) Firing frequency in response to depolarization pulses. Data suggest an increase in firing frequency following bath application of LPS. (C and D) Representative AP firing before (i) and after (ii) LPS exposure, and time courses of the normalized frequency. Representative AP traces in (C) were obtained from the corresponding time points in (D). Averaged firing frequency of each Purkinje cell before and after the LPS exposure (magenta) is plotted in the right graph with control (gray), suggesting the possibility of frequency increase in a broad range. (E) Bath application of heat-killed Gram-negative bacteria (10 7 cells/mL, HKEB [heat-killed Escherichia coli 0111:B4] and HKPA [heat-killed Pseudomonas aeruginosa]), but not Gram-positive bacteria (HKSP [heat-killed Streptococcus pneumoniae]), increases firing frequency. The firing frequency in response to depolarization pulses is shown (HKEB, orange; HKPA, red; HKSP, blue). (F and G) Representative firing (F) and normalized time courses (G) of long-lasting recordings of HKEB, HKPA, and HKSP application. (H) Representative AP firings from soma (black) and dendrite (red). The distance of dendrite patching (X) is shown below each trace. (I) Distance-voltage plot of back-propagated APs (control, black; LPS, magenta; apamin, orange). *p < 0.05, two-tailed Mann-Whitney U test. bAP voltage exponentially attenuates through approximate curves along the length of the dendrite process (Ohtsuki et al., 2012) . Data are represented as mean ± SEM. Time courses of the change in firing frequency were normalized between À5 and À1 min in (D) and (G). Reagent application began at 0 min and continued for 10 min. Scales: 40 mV and 200 ms (A, C, and F) and 5 mV (bar scales) and (right-angle scales) 40 mV and 100 ms (H). See also Figure S1 and Table S1. (*p < 0.002), in a distance-dependent manner along the soma-dendrite axis ( Figure 1I ). The extent of the bAP increase by exposure to LPS and apamin was similar, which suggests that microglia activation enhances excitability at dendrites via downregulation of SK2 channels.
Given that microglia were the trigger for the excitability increase, elimination of microglia may block this plasticity. To deplete microglia in living animals, we administered the colony-stimulating factor 1 receptor (CSF1R) kinase inhibitor Ki20227 (Elmore et al., 2014; Ohno et al., 2006 ; see also Nakayama et al., 2018) . Following continuous oral administration of Ki20227 or with drink in three concentrations, the number of microglia in the immunostained cerebellar cortex was reduced to 14% at maximum (*p < 0.00001, multiple comparison) ( Figures  2A, 2B , and S2A-S2F). Therefore, our Ki20227 administration depleted almost all microglia in the cerebellum. Then, we examined the neuronal excitability in the microglia-depleted cerebella and found no increase in firing against exposure to both LPS and heat-killed Gram-negative bacteria mixture (HKEB+HKPA) (Figure 2C) . Long-term recordings also showed that exposure to LPS and heat-killed Gram-negative bacteria no longer increased frequency (LPS, *p < 0.05 of reduction; heat-killed Gram-negative bacteria, p > 0.3), whereas innate firing frequency increased after 5-Hz conditioning for intrinsic plasticity (*p < 0.05) ( Figures  2D and 2E ). These results indicate that microglia are involved in increasing the excitability of cerebellar neurons, which is supported by results of co-application with minocycline, an inhibitor of microglial activity (p > 0.7) ( Figures S2G and S2H ).
Involvement of Inflammatory Cytokine in the Excitability Plasticity
A possible mechanism for microglia-triggered neural hyperexcitability is mediated by inflammatory cytokines, including TNF-a, interleukin (IL)-6, and IL-1b. Among them, TNF-a is released in the earliest phase of immune-cell stimulation. We first examined the firing frequency of neurons treated with TNF-a. Firing frequency of TNF-a-treated neurons was significantly higher than in control or peptidoglycan-treated neurons (Figures 3A and 3B) . In addition, co-application of LPS or heat-killed Gram-negative bacteria with the TNF-a inhibitor C87 abolished the increase in firing frequency (both p > 0.5) ( Figure 3C ). To confirm the effect of TNF-a, neurons were subjected to bath application of TNF-a, and the TNF-a treatment increased firing frequency similar to that observed following LPS administration (*p < 0.03) (TNF-a, Figure 3D ). Pre-exposure to TNF-a prevented the firing increase in response to LPS application (p > 0.5) (LPS after TNF-a, Figure 3D ), implying that TNF-a release and excitability plasticity resulted from LPS application. Although our results suggest that TNF-a directs Purkinje neurons to enhance excitability, the mechanisms underlying this process remain unclear. A series of studies in hippocampal neurons previously demonstrated that TNF-a activates phosphatase signaling via TNF receptor 1 in CA1 pyramidal neurons (Beattie et al., 2002; Pribiag and Stellwagen, 2013) . Then, we subjected Purkinje neurons to bath application of TNF-a under suppression of phosphatase activity by intraneuronal okadaic acid, but there were no increases in firing frequency (p > 0.3) ( Figure 3E ), suggesting the TNF-a-mediated firing plasticity occurred through phosphatase activity.
We also monitored action potential firing in the presence of protein-synthesis inhibitors anisomycin and cycloheximide, Data are represented as mean ± SEM. Time courses of the change in firing frequency were normalized between À5 and À1 min in (E). Reagent application began at 0 min and continued for 10 min. Scales: 40 mV and 200 ms (D). See also Figure S2 and Table S2 . which did not prevent LPS-induced firing increases (*p < 0.03 for both) ( Figures 3F and 3G ). Western blotting confirmed the increase in the amount of TNF-a, but not IL-6 or IL-1b ( Figures  3H and 3I ), by transient exposure to LPS, indicating that TNF-a release mediates signaling between microglia and Purkinje neurons. These findings suggest that endotoxin exposure may stimulate TNF-a secretion from microglia in a protein-synthesis-independent manner and that diffusible TNF-a triggered the increase in neuronal excitability. It is also possible that bacterial endotoxin triggers excitability plasticity via ATP release from tissues including microglia (Aguzzi et al., 2013; Yirmiya et al., 2015; Pascual et al., 2012; Kettenmann et al., 2011) . Hence, we investigated ATP synthesis and release in the whole cerebellum in knockin mice with the ATeam probe GO-ATeam2 (see STAR Methods) and applied them in a new way. Two-photon fluorescence or Fö rster resonance energy transfer (FRET) imaging suggested that continuous exposure to both LPS and heat-killed Gramnegative bacteria increases ATP concentration prominently in the cerebellar molecular layer (Figures 3J, 3K, and S3A). Celllevel images also suggest that the increase in ATP does not occur in interneurons in the molecular layer, Purkinje cell bodies and dendrites, granule cells, interneurons in the granule cell layer, or bundles in the white matter ( Figures S3B-S3G ). We estimated the changes in ATP concentration from the FRET ratio changes against endotoxin exposure (see STAR Methods), and the extent of ATP increase reached 140 mM in the molecular layer ( Figure 3K ). Increase in ATP was prevented under TNF-a inhibition by C87 ( Figures 3L and 3M ), suggesting the ATP synthesis follows TNF-a secretion. Next, we tested whether bath application of ATP with various concentrations (10-100 mM) modulates the excitability of Purkinje neurons ( Figures 3N-3P ). The firing frequency did not increase upon exposure to ATP (20-60 mM, p > 0.1) ( Figures 3N and 3P ). Neurons in the CNS respond to ATP via a broad subfamily of purinergic type 2 receptors (P2Rs). Tzour et al. (2017) reported that the activation of astrocytic P2Y1 receptors is important for the increase in excitability of pyramidal neurons during LPS exposure in the hippocampal slices. Here, we monitored the firing frequency in the cerebellar Purkinje cells under the P2R inhibitor PPADS and more specific inhibitor of P2Y1 receptors MRS2179, but both firing frequencies increased upon exposure to LPS (PPADS, *p < 0.05; MRS2179, *p < 0.002) (Figure 3Q and 3R) . Finally, we monitored LPS-triggered firing plasticity under suppression of astrocytes using gliotoxin L-2aminoadipic acid (L-AAA), but the firing increases were not impaired (*p < 0.003) ( Figure 3S ), suggesting astrocytes were not involved in the firing increase.
Facilitation of Synaptic Transmission following Microglial Activation
Regarding the effect of endotoxin exposure in synapses, we first examined whether LPS administration alters spontaneous excitatory postsynaptic currents (sEPSCs). Results suggested less change in sEPSC amplitude in Purkinje neurons, except for a minor reduction in the PPADS+LPS group ( Figures 4A-4D ). Meanwhile, administration of LPS, TNF-a, heat-killed Gram-negative bacteria, and ATP produced a significant increase in sEPSC frequency ( Figures 4E and 4F ). Our findings suggest that activated microglia promoted vesicular release from presynaptic neurons, depending on both TNF-a and ATP. Extracellular ATP may increase in vesicular release via purinergic receptors on presynaptic neurons. In microglia-depleted cerebella, there were no significant differences among microglia-depleted control, LPS, and heat-killed Gram-negative bacteria exposure groups in amplitude or in frequency, indicating the involvement of certain mediators from microglia ( Figures 4G-4I ). However, the analysis of sEPSCs includes changes in the activity of presynaptic neurons. To avoid such an effect, we monitored miniature excitatory postsynaptic currents (mEPSCs) under suppression of neuronal activity by tetrodotoxin (TTX). Results of the analysis showed increases in both mEPSC amplitude (Figures 4J-4M) and mEPSC frequency ( Figures 4N and 4O ) after administration of LPS, TNF-a, heat-killed Gram-negative bacteria, and ATP. These results suggest potentiation of both postsynaptic responsiveness and presynaptic release after exposure to endotoxin and microglial activation, at least through purinergic receptors.
Endotoxin-TLR4-TNF-a Signal Involvement in Hyperexcitability
Next, we investigated whether the endotoxin receptors are involved in microglia-associated signaling. LPS is classically known to bind complement receptor 3 in immune cells (Kettenmann et al., 2011; Pandey et al., 2014) . Zhang et al. (2014) revealed that application of LPS under hypoxic conditions resulted in the release of superoxide anion via complement receptor and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. Here, we applied LPS in the presence of apocynin, an NADPH oxidase inhibitor. However, we observed no suppression of firing increases (*p < 0.03) ( Figure 5A ), implying that neither the superoxide nor the complement receptor pathway is involved in the induction of this excitability plasticity.
The Toll-like receptor (TLR) family comprises pattern recognition receptors that are abundantly expressed on the surface of immune cells. The extracellular domain of leucine-rich repeats of TLR4 specifically recognizes LPS (Park et al., 2009) , and its dimerized complex is thought to trigger the intracellular signaling cascade. We examined microglia signaling using pharmacology and transgenic animals. Under the inhibition of TLR4 by C34 (Neal et al., 2013) , LPS exposure did not cause a change in firing frequency (p > 0.1) ( Figure 5B ). Exposure of TLR4-knockout cerebellar slices to LPS and heat-killed Gram-negative bacteria abolished the induction of the firing increase ( Figures 5C and  5D ), whereas Purkinje neurons in TLR2-knockout mice showed an increase in firing sustainably ( Figure 5E ), suggesting that TLR4, but not TLR2, is essential for the observed responses (Figures S4A and S4B) . We next aimed to determine the downstream of TLR4 using knockout mice for myeloid differentiation primary response gene 88 (MyD88) and Toll/IL-1 receptor (TIR) domaincontaining, adaptor-inducing interferon-b (TRIF). MyD88 is a TIR domain-containing adaptor common in TLR signaling pathways, and TRIF mediates the MyD88-independent pathway downstream of TLR3 and TLR4 (Pandey et al., 2014) . Both are involved with the release of inflammatory cytokine in macrophages and microglia. In MyD88-and TRIF-knockout mice, no significant difference was observed in firing frequency between LPStreated and untreated neurons (Figures S4C and S4D) or in firing properties (Table S2 ). In addition, LPS exposure did not produce long-lasting firing increases (both, p > 0.7) ( Figures 5F and 5G ), suggesting that both pathways in microglia are necessary for the induction of excitability plasticity. In microglia, the precise machinery underlying the exocytosis of inflammatory cytokines remains obscure; however, a certain molecule downstream of both signals may prime the secretion of soluble TNF-a, as illustrated in a summary cascade of the endotoxin-induced excitability plasticity in the cerebellum (Figures 5H-5J and S4E).
Depressive Behaviors of Animals with Cerebellar Inflammation
To reveal the physiological significance of excess immune activity in the cerebellum in living animals, we observed animals' behavior after bacterial endotoxin infusion in anterior lobes of the cerebellar vermis. Unexpectedly, we found that the spatial exploratory behavior of freely moving rats in an open field was significantly reduced by administration of LPS (1 mg/mL) and heat-killed Gram-negative bacteria (HKEB+HKPA, 10 9 cells/mL for each) ( Figures 6A and 6B ; Video S1). In a social interaction test, LPS-and heat-killed Gram-negative bacteria-injected rats exhibited considerably less interest in siblings ( Figure 6C) .
Immobility time during a forced swim test became significantly elongated compared with that in control PBS-injected animals ( Figure 6D ). These results suggest that animals with cerebellar injection of inflammatory substances exhibit depression-like or abulic behavior, in contrast to autistic behaviors in animals with less excitable Purkinje neurons (Tsai et al., 2012; Stoodley et al., 2017) . To examine the extent of repetitive movements, we conducted a marble-burying test and found that rats with cerebellar bacterial endotoxin infusion showed less burying behavior ( Figures 6E and 6F ). Animals with cerebellar injection did not show significant motor discoordination or ataxia ( Figures  S5A and S5B ), even with a high density of LPS (20 mg/mL, 0.30 mL, n = 5, data not shown). These results of the behavior battery test suggest depression-like phenotypes of the acute inflammation of the anterior lobes. Then, we estimated the extent of the inflammation in space and time. How much cerebellar space does the acute inflammation fill, over how much area does the reagent spread, and how long does the hyperexcitability continue? To image the region of inflammation in vivo, we used a fluid attenuation inversion recovery (FLAIR) sequence of magnetic resonance (MR) imaging. MR FLAIR images clearly showed inflammation at the restricted position of the heat-killed Gram-negative bacteria injection (Figure 6G ) (see STAR Methods). Postinjection histology clarified the localized spread of the reagent ( Figure S5G ). Purkinje neuron activity following the drug injection showed a significant increase in the firing frequency of neurons ex vivo from LPS-and heat-killed Gram-negative bacteria-injected cerebella for $6 h ( Figures S5C  and S5D ). The behavioral modulation and high excitability of neurons lasted only until the following day ( Figure S5E and S5F). Altogether, transient hyperexcitability in the cerebellum through region-specific inflammation caused a reduction of psychomotor activity.
Recovery of Behavioral Disturbances by Immune Suppression
Provided that activated microglia secrete molecules during inflammation in vivo, microinfusion of such molecules may suffice to modulate animal behavior. We next applied TNF-a (20 mg/mL) and ATP (20 mM) in the cerebellar anterior lobes and found that TNF-a, but not ATP, reduced behaviors ( Figures  S6A-S6F ). This result indicates that suppression of TNF-a (C-F) Bar graphs (mean ± SEM) and cumulative probability graphs of amplitude (C and D) and frequency (E and F) of sEPSCs in different experiments, respectively. A total of 35, 13, 12, 15, 16, 13, 16, 14, 15 , and 18 cells were observed. Asterisks indicate a significance increase (multiple comparison with Kruskal-Wallis test) against the control condition, and a dagger indicates a decrease. LPS, Gram-negative bacteria, TNF-a, and ATP increased sEPSC frequency. Suppression of the increase in sEPSC frequency by PPADS suggests the involvement of P2 receptors. 13, 16, 13, 16, 13, 12, 14, 14 , and 13 cells were observed. Asterisks indicate a significance increase (multiple comparison) against the control. LPS, Gram-negative bacteria, TNF-a, and ATP increased in both amplitude and frequency. Suppression of the increase in mEPSC frequency by PPADS suggests the involvement of P2 receptors. Co-injections of heat-killed Gram-negative bacteria with C87 (2-4 mM) into the anterior lobes of the cerebellar vermis showed recovery from the impairment of psychomotor behaviors (Figures 6A-6F and Video S1, HKGn+C87; Figures S6G-S6K , controls of C87), as well as inflammation (Figure 6G, HKGn+C87 ) and neuronal excitability ( Figures S5C and S5D, HKGn+C87) . We speculated that the microglia depletion may also cancel the psychomotor depressiveness by endotoxin, and the results obtained in Ki20227-administered animals proved that this was the case (Figures 6A-6F , dMG+LPS; Figures S6G-S6K , controls of microglia depletion). Altogether, these striking effects of endotoxin infusion were substantially rescued by both co-injection with TNF-a inhibitor and microglia depletion ( Figure S6L ). However, the causality between abnormal behaviors and cerebellar hyperexcitability resulting from acute inflammation is elusive. Next, we conducted functional MR imaging (fMRI) of resting-state animals to investigate which regions of brain activity are related to the activity of cerebellar anterior lobes (see STAR Methods). The resting-state (rs) fMRI showed distinct enhancement of correlated signals among the heatkilled Gram-negative bacteria-infused cerebellar anterior vermis and frontal neocortical areas, including the medial prefrontal cortex (mPf), cingulate cortex (Cg), and primary motor cortex (M1) ( Figures 6H-6J and S7 ). In addition, TNF-a inhibitions rescued the functional overconnectivity caused by cerebellar inflammation (i.e., hyperexcitation in the cerebellar cortex) (Figures 6H and 6I, HKGn+C87 ), suggesting that modulation of long-range connectivity between the cerebellar vermis and the prefrontal areas may relate to the animals' behavioral modulations.
Region-Specific Inflammation Modulates Animal Behavior in Distinct Manners
In autistic-model animals in previous studies, activity in the simple lobule, including crus II, was shown to relate behavioral abnormality (Stoodley et al., 2017; Tsai et al., 2018) . Therefore, we investigated the regional dependence of behavioral modulation in our cerebellar inflammation model. In addition, we injected LPS into different regions of the cerebellum (Figure 7) . Although infusion into the posterior vermis did not show significant changes in animals' behaviors, infusion into the right hemisphere induced obsessive behaviors, which increased in marble-burying and same-corner-preference scores ( Figures  7D and 7F) . Results from the sniffing test also suggest inflammation in the anterior vermis and hemisphere depressed animal behaviors ( Figure 7G) . A summary table of behavior modulation against acute inflammation in the distinct cerebellar regions suggests the different phenotypes as depression-and autistic-like behaviors ( Figure 7H ).
DISCUSSION
The results of the present study indicate that activated microglia elicit the induction of long-term potentiation (LTP) of intrinsic excitability, facilitate synaptic transmission in cerebellar Purkinje neurons, and modulate psychomotor behaviors. The excitability plasticity of the cerebellar Purkinje neurons is considered mediated by M1 microglia. Macrophages secrete TNF-a rapidly upon their activation through a non-constitutive pathway (Murray et al., 2005) . Thus, the mediator release in a relatively rapid timescale from activated microglia may explain the time course of increased firing against exposure to LPS or heat-killed Gramnegative bacteria (Figures 1D and 1G ) and the translation independency of plasticity induction (Figures 3F and 3G ). Our results of the increase in TNF-a release, at least within 20 min of western blotting, support this notion ( Figures 3H and 3I ). On the other hand, previous studies have shown that glial TNF-a signaling induces trafficking of ionotropic receptors at synapses (Beattie et al., 2002; Pribiag and Stellwagen, 2013) . These trafficking mechanisms of ion-channel receptors underlie PP activity. Our results of cerebellar microglia-neuron interaction via TNF-a also suggest the involvement of phosphatase activation for SK-channel downregulation following TNF receptors in neurons ( Figure 3E) , although there is a possibility of the involvement of multiple ion channels: BK, A-type voltage-gated K + channels, and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. TNF-a does not solely target the neuronal membrane; secreted TNF-a is also known to modulate presynaptic transmission via TNF receptors on astrocytes (Santello et al., 2011; Habbas et al., 2015) . Bergmann glia, a type of astrocyte in the cerebellum, may promote presynaptic release following TNF-a stimulation. Our finding regarding the increase in s/mEPSC frequency ( Figures 4E and 4N , TNF-a) is consistent with this scenario, but it is beyond our scope to address it further.
ATP is a gliotransmitter released from neocortical and hippocampal astrocytes upon their Ca 2+ activity (Zhang et al., 2007; Lalo et al., 2014) . Astrocytic ATP in the mPf mediates antidepressant effects through P2X receptors (Cao et al., 2013) . Although several types of cells are located in the cerebellum, no precisely imaged data regarding the ATP source had been presented. Our imaging with the new ATP probe ( Figures 3J-3M ) visualized that the ATP concentration was increased during exposure to endotoxin in the molecular layer of the cerebellar cortex, but not in the granule cell layer, suggesting the distinct source of ATP in the cerebellum. Cell-level images with high resolution also suggest that the ATP increase occurs insubstantially in neurons in both layers and bundles in the white matter ( Figures S3B-S3G ). In addition, pharmacological TNF inhibition substantially prevented such ATP increase, which suggests TNF-a secretion from microglia is a trigger for ATP synthesis or its amplification in the molecular layer (Figures 3L and 3M) . Altogether, the major ATP source changes at 25 to 30 min or at 65 to 70 min were collected. Asterisks indicate significant increases against the baseline (*p < 0.05, multiple comparison with Kruskal-Wallis test). A dagger indicates a significant decrease (yp < 0.05). (K and L) Input resistance (K) and its normalized values (L) of the experiments of intrinsic plasticity. An arrow at 0 min indicates the start of the application of endotoxin, reagents, and conditioning. The change in input resistance was normalized between À5 and À1 min. All color codes follow those in (I) and (J). (M and N) Membrane voltage (M) and its normalized values (N) of the experiments. See also Figure S4 and Table S2 . in response to immunotriggering is suggested to be Bergman glia or other cells in the molecular layer. In response to LPS administration, ATP has been shown to facilitate presynaptic release through P2Y receptors in the hippocampal slices (Pascual et al., 2012) without TNF-a involvement, which is in agreement with our result of the increase in s/mEPSC frequency by sole ATP administration ( Figures 4E,  4F, 4N, and 4O, ATP) . Meanwhile, in the cerebellum, ATP acts as a diffusible trigger of Ca 2+ waves through P2Rs in Bergman glial processes (Hoogland et al., 2009) . It was shown that such Bergmann glial Ca 2+ activity does not modulate presynaptic release from the glutamatergic excitatory terminals, at least on a short timescale (Beierlein and Regehr, 2006) . Therefore, ATPinduced Ca 2+ activity in Bergmann glia and following astrocytic Ca 2+ -dependent messengers may not relate to the increase in s/mEPSC, although the exact mechanism remains unsolved ( Figures 4F and 4O, PPADS+LPS) .
Activated microglia release not only TNF-a and purines (ATP and guanosine triphosphate [GTP]) but also other inflammatory cytokines (IL-1b and IL-6), trophic factors (brain-derived neurotrophic factor), and reactive oxygen species (ROS) (e.g., superoxide and nitric oxide) (Parkhurst et al., 2013; Prinz and Priller, 2017; Pascual et al., 2012; Zhang et al., 2014; Kettenmann et al., 2011) . Our electrophysiological experiments suggest that ATP and ROS were not involved in the induction of intrinsic excitability increase (Figures 3N and 5A) . Rather, considering the reduction of firing frequency at high ATP concentrations, cerebellar microglia could regulate neuronal excitability in a bimodal direction through TNF-a and ATP (Yirmiya et al., 2015) in a local region. Other inflammatory cytokines are possibly involved; IL-1b has been shown to prevent LTP induction of population spikes in the hippocampal CA1 (Bellinger et al., 1993) , although inhibition of IL-1b prevents its maintenance (Schneider et al., 1998) . Microglia-specific transcriptomic data suggest changes in the gene profile after lesion (Tay et al., 2017) ; thus, modulation of neuronal activity might be up to the history of tissue microglia. The relevance of this phenomenon to the late phase of intrinsic plasticity has not yet been investigated, but our western blotting suggests that the protein level of both IL-1b and IL-6 was scarce to detect in response to acute exposure to LPS in the cerebellum ( Figure 3I ). Otherwise, TNF-a can have consequences on enzymes other than okadaic acid-sensitive phosphatases, which in turn likely have more substrates than only SK channels.
The cerebellum is the principal regulator of motor coordination, timing, and adaptation (Ito, 2008; De Zeeuw and Ten Brinke, 2015; Boyden et al., 2004; Inoshita and Hirano, 2018) . The vestibular cerebellum had been linked to eye movements and reflections, whereas the anterior vermis of the cerebellum had been thought to relate to autonomic nervous system (Reis et al., 1973; Supple and Kapp, 1993) . Although our acute inflammation model did not show severe motor deficits ( Figures S5A  and S5B ), 20-mM apamin-injected rats showed ataxia (4 rats of 5 tested animals, data not shown), suggesting the inflammatory effects do not achieve full suppression of SK channels in the injected region during inflammation. We do not intend to claim the cerebellum is no longer involved in motor control and coordination but is potentially involved in psychomotor behaviors. Results of hyperexcitability of the Purkinje cells and increases in synaptic transmission in the anterior lobes may suppress the activity in the fastigial nucleus transiently and produce behavioral depressiveness ( Figures 6A-6F) . In Brown and Raman (2018) , optogenetical activation of the Purkinje neurons in crus I/II and the resultant suppression in the dentate CbNs decreased the instant whisker movements. These results may suggest a difference of biological significance for distinct behaviors among CbN. Researchers have started targeting its cognitive functions, and clinical studies have been suggesting involvement of the cerebellum in psychiatric disorders, potentially via dysmetria of thought, manifested by autism spectrum disorders, dyslexia, and schizophrenia (Schmahmann, 2004; Tsai et al., 2012 Tsai et al., , 2018 Piochon et al., 2014; Koziol et al., 2014; Witter and De Zeeuw, 2015; Stoodley et al., 2017) . Akinetic mutism or abulia are also frequently observed after surgical operation of cerebellar astrocytoma or medulloblastoma (Robertson et al., 2006) , implying the disruption of connections in regions responsible to speech and motivation through the cerebellar vermis during postoperative inflammation. Histological studies have proved anatomical connection between the cerebellum and the neocortex (Kelly (I) Seed-seed correlation maps shown with Z score. Seeds were applied in the right and left hemispheres, marked by R and L, respectively, except for the anterior lobe of the cerebellar vermis (CblVm) and centro-medial thalamus (cmThl). The correlation is enhanced in HKGn between CblVm and M1+Cg+mPf (i.e., primary motor cortex + cingulate cortex + medial prefrontal cortex). Abbreviations of brain regions are described in STAR Methods. (J) Schematic drawing of activated regions during cerebellar inflammation. See also Figures S5-S7. and Strick, 2003; Suzuki et al., 2012) . Such connections may contribute to a range of cognitive functions (e.g., dyslexia, stuttering disfluency, and depressiveness). Here, our results clarify not only the mechanism of microglia-induced hyperexcitability in the cerebellar circuit but also the psychomotor depressiveness resulting from functional overconnectivity in cerebello-frontal projections (Figures 6I and 6J) . Given that Purkinje cells are inhibitory and tend to suppress the activity of the CbN, it does not follow that increases in Purkinje cell activity would lead to an increase in signal in cerebellar target areas. Although disinhibitory scenarios can be invoked to rationalize such a result, no evidence is provided. Otherwise, strong inhibition at nuclei may evoke postinhibitory rebound and provide time-rocked excitation (Person and Raman, 2011) to subsequent areas, although our data lack in vivo electrical activity in multiple regions.
Finally, TNF-a secretion from activated microglia appears to be a potential target for suppressing symptoms associated with high cytokine conditions in the inflamed cerebellum that can cause dysfunctional communication ( Figure S6L ). It was quite discernible that animals with inflammation in the anterior lobes or in the right hemisphere showed the depression-or autisticlike phenotype, respectively ( Figure 7H) . Differences in the behavioral abnormality among the regions of acute inflammation should come from projected nuclei after hyperexcitability of the Purkinje neurons. Therefore, our results provide basic information on the effect of inflammation in distinct cerebellar regions and following long-range projections. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Rat
Male Sprague-Dawley rats were used for the experiments. Postnatal (P)22-28 days old rats were used for patch-clamp recordings and western blotting. Microglia depletion experiment started at P19-20 days. Behavior battery tests and MR imaging were conducted at P22-26 days.
Mouse
Male C57BL/6J, GO-ATeam2 (Related study is in preparation for submission), TLR2 À/À , TLR4 À/À , MyD88 À/À (Hoshino et al., 1999) , and TRIF À/À (Yamamoto et al., 2002) mice (Oriental Bioservice, Inc., Japan) were used for the experiments. P2-month-old mice were used for patch-clamp recordings, ATP-imaging and immunohistochemistry. Microglia depletion experiment were started at P5-to P6-week. Animals were housed (5 animals at maximum in each cage) and maintained under a 12-h light: 12-h dark cycle, at a constant temperature and humidity (20-24 C, 35%-55%), with food and water available ad libitum. All procedures were performed in accordance with the guidelines of the Animal Care and Use Committees of the Kyoto University and were approved by the Ethical Committee of the Kyoto University. All animal handling and reporting comply with ARRIVE guidelines.
Rat macrophage culture NR8383 [AgC11x3A, NR8383.1] (ATCC) was used for the control of the cytokine release (western blotting) in response to LPS administration (data not shown). F-12K medium was used for the culture medium.
Generation of GO-ATeam2 knock-in mouse
An ATP probe (GO-ATeam2) was developed for use in conjunction with green and orange fluorescent proteins as a fluorescence/Fö rster resonance energy transfer (FRET) pair (Nakano et al., 2011) . We newly generated GO-ATeam2 transgenic mice to monitor the ATP concentration in living animals. Briefly, we employed a knock-in strategy targeting the Rosa26 locus and the CAG promoter to regulate transcription. We used the GeneArt Seamless Recombination System (Thermo Fisher Scientific) to create GO-ATeam2 knock-in mice. The targeting vector was induced into G4 ES cells with electroporation. The constructs harbored by the ES clones underwent homologous recombination, which was confirmed by Southern blot analysis using appropriate probes (provided by K. Hoshino and T. Kaisho, Osaka University), PCR, and qPCR. Male chimeras derived from each ES cell line were bred with C57BL/ 6J females, yielding heterozygous F1 offspring (C57BL/6J 3 129 background).
METHOD DETAILS
Patch-clamp recordings
In vitro patch-clamp recordings were obtained as described previously Ohtsuki et al., 2012) . Sagittal slices of the cerebellar vermis (250 mm) were prepared from Sprague-Dawley rats (postnatal (P)22-28 days old) after isoflurane anesthesia and decapitation (Figures 1, 3A-3G, 3N-3S , 4A-4F, 4J-4O, 5, S1, S2G, S2H, S5C, S5D, and S5F). In some experiments, C57BL/6J, TLR2 À/À , TLR4 À/À , MyD88 À/À , and TRIF À/À mice (P2-month-old) were used ( Figures 2C-2E , 4G-4I, 5C-5G, and S4A-S4D). Slices were cut on a vibratome (Dosaka EM, Japan) using ceramic blades. Subsequently, slices were kept in artificial cerebrospinal fluid (ACSF) containing the following (in mM): 124 NaCl, 5 KCl, 1.25 Na 2 HPO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 D -glucose, bubbled with 95% O 2 and 5% CO 2 . During cutting, supplemental ingredients (5 mM Na-ascorbate, 2 mM thiourea, and 3 mM Na-pyruvate) were added to the ACSF. After at least 1-h, slices were transferred to a recording chamber superfused with ACSF at near-physiological temperature (32-34 C). The ACSF was supplemented with 100 mM picrotoxin to block GABA A receptors. Patch-clamp recordings were performed under a 3 40 water immersion objective lens equipped with a DIC system (DS-Qi2; Nikon) mounted on a microscope (ECLIPSE FN1, Nikon). Recordings were performed in voltage-clamp or current-clamp mode using an EPC-10 amplifier (HEKA Elektronik, Germany) . Membrane voltage and current were filtered at 2.9 kHz, digitized at 10 kHz, and acquired using Patchmaster software (HEKA Elektronik). Patch pipettes (borosilicate glass) were filled with a solution containing (in mM): 9 KCl, 10 KOH, 120 K-gluconate, 3.48 MgCl 2 , 10 HEPES, 4 NaCl, 4 Na 2 ATP, 0.4 Na 3 GTP, and 17.5 sucrose (pH 7.25 titrated with 1 M KOH). Membrane voltage was offset for liquid junction potentials (11.7 mV). Somatic patch electrodes had electrode resistances of 2-4 MU, while dendritic patch electrodes had electrode resistances of 7-8 MU (Ohtsuki et al., 2012) . Hyperpolarizing bias currents (100-400 pA) were injected to stabilize the somatic membrane potential at approximately À75 to À80 mV and to prevent spontaneous spike activity. To obtain the firing frequency in response to different levels of depolarization ( Figures 1B, 1E , 2C, 3A, 3P, S4A-S4D, S5C, S5D, and S5F), we applied 500-ms pulses ranging from 0 to 550 pA every 2 or 3 s, which were increased by 50 pA per step, and counted the number of simple spike-shaped action potentials. Action potential on dendrites were recorded by simultaneous patch-clamping from soma and dendrite ( Figures 1H and 1I ). Data were collected at distances of 80-120 mm apart from the soma at secondary and tertiary branches. Due to the lack of voltage-sensitive Na + channels, the amplitude of bAPs attenuates in a distance-dependent manner. Approximate curves were obtained from entire recordings including somatic APs, by fitting to the single exponential function, are superimposed to the plotting of control (black line), apamin (orange line) and LPS (magenta line) experiments in Figure 1I . To examine the excitability of Purkinje cells from drug-injected cerebella, slices were prepared within 1 h following injection, and recordings were obtained for 1-5 h. In the other ex vivo experiments, we tested the excitability at 24-32 hours after injection. Rheobase from the basal potential and the slope of the gain function against depolarization pulses from 50 to 250 pA were also measured (Tables S1 and S2). For long-term recording ( Figures 1C, 1D, 1F , 1G, 2D, 2E, 3B-3G, 3N, 3Q-3S, 5A-5G, S1, S2G, and S2H), depolarizing current steps (100-400 pA/500 ms) were applied every 20 s to the soma to evoke action potentials. In some experiments, for the conditioning of intrinsic plasticity induction, depolarizing pulses (300-550 pA/100 ms) were applied at 5 Hz for 4 s. We compared firing frequency normalized by 5-min average before 0 min (i.e., À5 -À1 min) to that of 25 to 30 min later. Input resistance was monitored by administering 50-pA hyperpolarizing pulses (50-ms duration) following the depolarization (Figures 5K and 5L) . Data were discarded when the input resistance had changed more than 20%. Membrane potential was kept at approximately À75 to À80 mV within 5% changes throughout each experiment ( Figures 5M and 5N ). All drugs were applied to the bath chamber via the circulation system. Heat-killed bacteria (HKEB, E.coli 0111:B4; HKPA, P. aeruginosa; HKSP, S. pneumoniae) and peptidoglycan (PGN, peptidoglycan from E. coli 0111:B4) were purchased from InvivoGen, and 10 10 freeze-dried cells were diluted to 10 7 cells/mL in sterile, endotoxin-free water, for in vitro application. Heat-killed Gram-negative bacteria mixture (HKGn; HKEB + HKPA) was applied in vitro at the concentration of 10 7 cells/mL for each. For the recording of spontaneous EPSC (sEPSC) and miniature EPSC (mEPSC) events (Figure 4) , membrane current was held at À71.7 mV or at À81.7 mV only if the membrane current was jittered, and current was recorded for 1.5 s trials, for at least 180 s in total. mEPSC was monitored under suppression of the neuronal activity by TTX citrate (0.5 mM).
Electrophysiological data analysis
Data were analyzed using a custom program written in MATLAB (Mathworks). For the analysis of action-potential waveforms, we measured the first action potential evoked by administration of a 200-400-pA depolarizing pulses. Action potential analysis was performed as described previously (Tables S1 and S2 ). For the analysis of sEPSC and mEPSC events, periods of fluctuation were omitted and supplemented by other trials. Then, a Savitzky-Golay filter (sgolayfilt) was applied to the recorded currents. The event detection threshold for s/mEPSCs was set at 4.5 pA. Events were defined as those exceeding four standard deviations during the 10 ms pre-period. We then applied the fminsearch function to obtain decay time by a single exponential. If the current trace at the decay period (limited to 19 ms) was poorly fit, the data were excluded. Detected cell numbers and event numbers of sEPSC are 35 (46058), 13 (30718), 12 (30229), 15 (39107), 16 (36699), 13 (30588), 16 (22960), 14 (25040), 15 (36889), 18 (25826) in control, LPS, PGN, TNF-a, HKEB, HKPA, HKSP, minocycline+LPS, ATP, and PPADS+LPS conditions, respectively. Event numbers are in the parentheses. Those of mEPSC are 13 (4123), 16 (32017), 13 (29652), 16 (34876), 13 (24808), 12 (10240), 14 (10321), 14 (36756), 13 (16773) in control, LPS, TNF-a, HKEB, HKPA, HKSP, minocycline+LPS, ATP, and PPADS+LPS conditions, respectively. Rise time was regarded as the period spanning 10%-90% of the change from peak to basement values. Rise time, half-width, and decay time of s/mEPSCs were not significantly different against control except for ATP (data not shown). Representative sEPSC/ mEPSC traces in Figures 4B and 4K are the average from 1571/255, 946/454, 1264, 1330/904, 1132/477, 1079/393, 663/358, 276/611, 1634/296 , and 619/438 events of control, LPS, PGN, TNF-a, HKEB, HKPA, HKSP, minocycline+LPS, ATP, and PPADS+LPS conditions, respectively. For the cumulative probability in Figures 4D, 4F, 4M , and 4O, a maximum of 400 sEPSC and 800 mEPSC amplitude and frequency events were collected from each cell for each experiment.
CSF1R inhibitor treatment
For the sake of pharmacological microglia-depletion, the CSF1R inhibitor Ki20227 (Ohno et al., 2006; Elmore et al., 2014 ) (Biorbyt Ltd., UK) was given to P5-to P6-week C57BL/6 mice via the drinking water (100 or 250 mg/L, including 2.5% sucrose) or by oral administration 0.2 mL/day (20 mg/mL dissolved to 10% DMSO and 90% corn oil) for 6-7 days (Figures 2A, 2B , and S2A-S2F). Ki20227 (IC 50 = 2 nM to M-CSF receptor; 451 nM to c-Kit) (Ohno et al., 2006 ) is a more potent and specific inhibitor to CSF1R than PLX3397 (IC 50 = 20 nM to M-CSF receptor; 10 nM to c-Kit) (DeNardo et al., 2011) . A few mice were given the inhibitor for 11-12 days for electrophysiological experiments. In some experiments, we gave Ki20227 0.2 mL/day (oral administration of 20 mg/mL with 10% DMSO and 90% corn oil) to male juvenile Sprague-Dawley rats (38-62 g body weight) from P19-20 for 5 days. Following reagent administration under specific pathogen free (SPF)-environment, we sacrificed animals for electrophysiological and immunohistochemical experiments, and we conducted behavior tests with rats. No obvious behavioral or health problems were observed during the Ki20227 treatment, except for a reduction of weight in a few rats with vulnerability whose data were excluded.
Immunohistochemistry
Immunostaining was performed as described , with some modifications. After perfusion fixation of the control and Ki20227-treated mice with 4% paraformaldehyde (PFA), brains were kept in PFA for 2 days at 4 C. After submersion in phosphate buffered saline (PBS) containing 30% sucrose for 2-4 days, 50-mm cryosections were collected in water. Sections were heated in HistoVT (Nacalai Tesque, Japan) to 80 C for 30 min, rinsed in TBS, and incubated in blocking solution (TBS containing 10% normal goat serum (NGS) and 0.5% Triton) for 1 h at 20-24 C. Sections were then incubated with fluorescently conjugated-primary antibodies against Iba1 (rabbit anti-Iba1:red fluorescent probe 635, 1:200 [2.5 mg/mL]; Wako) and Calbindin (rabbit anti-Calbindin:Alexa Fluorâ 488, 1:100 [5 mg/mL]; Abcam) at 4 C for 48 h. Subsequently, sections were rinsed three times in PBS for 5 min each and were mounted on glass slides and coverslipped. Fluorescence images were obtained using a Zeiss LSM 780, Olympus FV1000 or Olympus FV 3000 confocal laser-scanning microscope equipped with Plan-Apochromat 20 3 /0.8 and 10 3 /0.4 lenses. Emission wavelength for imaging was 488 and 639 nm, and the fluorescence was filtered using 640-nm low-pass and 490-555-nm band-pass filters. Individual images were taken under a fluorescence microscope (FV 3000), and the merged-images are shown as whole cerebellar images in Figure S2 . For counting the number of microglia in Figure 2B , arbitral parts of the cerebellum were imaged (489.5 3 489.5 mm) with z stacks of 24-30 images at every 1 mm, and the density of microglia were calculated from 43-54 regions of interest (ROIs) (from 2 mice per group), excluding white matter.
Western blotting
Cerebellar slices from Sprague-Dawley rats (P24-25 days old) were prepared as described above. After recovery, brain slices were incubated in normal ACSF or LPS-containing ACSF for 0, 20, or 60 min at near-physiological temperature. Supernatants were concentrated with Amicon Ultra-15 Centrifugal Filter Units (EMD Millipore) and subjected to immunoblotting analysis using antirat TNF-a (BMS175; eBioscience), anti-rat IL-6 (AF506; R&D) and anti-rat IL-1b (AF-501-NA; R&D). Intensity was quantified using Multi Gauge ver.3.2 (Fujifilm). For a control experiment, we used rat macrophage culture (NR8383 [AgC11x3A, NR8383.1], ATCC) (data not shown).
ATP imaging
For FRET imaging with the ATP probe in the cerebellum, P2-3 weeks GO-ATeam2 mice were decapitated after inhalation of 2% isoflurane, following which whole brains were isolated. The cerebellum was placed in cooled ACSF solution as described for the electrophysiological experiments. Air stones (#180; Ibuki) were used for aeration (95% O 2 and 5% CO 2 ). Sagittal slices were cut to a thickness of 300 mm using a vibratome (VT 1000S; Leica), following which they were maintained for at least 30 min at room temperature in ACSF solution. FRET imaging was performed on a two-photon microscope (TCS SP8; Leica). The imaging chamber was set on the stage of the microscope with flowing ACSF solution bubbled with 95% O 2 and 5% CO 2 . LPS (final concentration 12 mg/mL) or a mixture of HKEB and HKPA (final 10 7 cells/mL, for each) were added to the ACSF. Exciting light (920 nm, 25 W under objective lens) was applied, and the molecular layer (ML) and granule cell layer (GL) of the cerebellum were scanned every 2 min. Images were obtained from individual locations (scanned area size, 550 3 550 mm). We used BP525/50 filters for emission, and DM560 and D585/40 filters for excitation fluorescence separation. IMD images and quantifying images were developed from the fluorescence images using MetaMorph software (Roper Scientific, Trenton, NJ) . FRET signals at the chosen ROI (whose shape depended on the target area, Figure S3H ) in the ML and GL were averaged, and the obtained ratio was applied to the following equation: FRET ratio = 1.52 3 [ATP]^1.7 / ([ATP]^1.7 + 2.22) + 0.44, and then, ATP concentration was calculated. The coefficients were carefully determined based on two methods. First, mouse embryonic fibroblasts were obtained from GO-ATeam2 mice. After piercing the fibroblast membrane, we applied different concentrations of ATP, monitored the FRET ratio, and determined coefficients based on the function for fitting ATP concentration to the FRET ratio. Second, we performed a luciferase assay of ATP concentration (Tissue ATP assay kit; TOYO B-NET) in fertilized eggs from GO-ATeam2 mice. Mice were injected with ATP synthetase inhibitors (2DG plus antimycin A), and the time course of the FRET ratio was monitored. Coefficients obtained by the two methods were substantially identical, indicating that they were appropriate for use in the present study. Our ATP imaging with transgenic mice expressing ATP probes monitored the ATP concentration in the cytosol, insomuch as no specific promoters were tied to the transgene construct. Control fluorescence images were obtained prior to drug exposure (n = 9 in ML, and n = 10 in GL) and used for subtraction of the background signal. Following endotoxin exposure, remnants on the tubing and chamber were cleaned with 80% ethanol for at least 5 min. To visualize the time courses of DATP, baseline ATP was set to zero (À6 to À2 min).
Drug injection
Rats received an injection of 0.20-0.30 mL of PBS, LPS (1 mg/mL), a mixture of heat-killed Gram-negative bacteria (HKEB and HKPA, 10 9 cells/mL for each), a TNF-a inhibitor (C87, 2-4 mM), TNF-a (20 mg/mL) and ATP (20 mM) into the vermis or right hemisphere of the cerebellum. Drugs were injected under anesthesia with 0.9% ketamine (Daiichi Sankyo Co., Ltd.) and 0.2% xylazine (Bayer AG) (i.p., 5.3 ± 0.5 mL/g of body weight, as mean ± std.). We started surgery after animals' breath and pulse were stabilized and the extent of anesthesia was enough, without corneal reflection, touch, and pinch responses. For vermal injection into cerebella, rats were fixed to the stereotaxic apparatus and a small hole (300 mm radius) was drilled in the skull (2.5 mm posterior to lambda), following which a microsyringe was inserted forward to the anterior lobule (3.0-3.3 mm depth at 86 , lobule II-IV) or to the posterior lobule (6.3-6.5 mm depth at 65 , lobule VIII-IX) (Ifuku et al., 2014) . To clarify the localized spread of the reagent, we did the post-injection histology, and we confirmed the dextran-conjugated CFâ555 dye (0.30ul, 0.5%; Biotium, CFâ555 Dextran 10,000 MW) was restricted in the targeted anterior lobes through the depth of 3.4 mm to 0.4 mm from the pial surface, in two animals. Representative vermal section is shown in Figure S5G . For injection into the right and left hemispheres, a hole was made at 3.0-3.5 mm posterior to the lambda and around 1.5 mm lateral, putting forward to 4.0 mm with an angle of 60-65 . The wound was sealed with Spongel (Astellas Pharma Inc.), after which the animal was allowed to rest in a clean cage. A heat-plate was used to maintain body temperature, if necessary. Rats woke up approximately 40 min after injection of the ketamine/xylazine. We handled animals very carefully and treated them with as little discomfort as possible. After at least 2 h of recovery, we confirmed that the effects of the anesthesia had dissipated and that no paralysis or seizures had occurred, following which the behavior test battery (open field test, social interaction test, forced swim test, marble burying test, retention test on balance beam, and gait analysis) was initiated. Forced swim test was conducted last in the battery, to avoid the effect of fear conditioning itself. Gait analysis and retention test on balance bar after recovery revealed no obvious ataxia and motor discoordination ( Figures 7E, S5A , S5B, S6F, and S6K).
Behavior test battery
Open field test We monitored the spatial exploratory behavior of Sprague-Dawley rats (P22-26 days) weighing 52-86 g and microglia-depleted rats (P24-25 days). After habituation in the experimental room (1 h), rats were individually placed on the center of the Plexiglas open field arena (72 3 72 cm 2 , 30 cm high white walls with black floor), following the operation. We monitored the behavior of freely moving rats for 30 min using a video camera. The distance traveled, resting period, moving period, and mean speed were compared among the groups. The arena and surrounding walls were cleaned and deodorized with H 2 O and 70% EtOH before each session. Exploration behavior was quantified using Smart 3.0 software (Panlab Harvard Apparatus). The resting state was defined at that during which moving speed fell below the threshold of 2.5 cm/s. A total of 13, 11, 11, 11, 12, 15, 12, 16, 14, 12, 15 and 13 animals was included in the non-conditioned (NC), PBS, LPS, heat-killed Gram-negative bacteria mixture (HKGn; HKEB+HKPA), HKGn+C87, TNF-a, ATP, microglia-depleted (dMG)+LPS, LPS to hemisphere, LPS to posterior lobes, dMG and C87 conditions, respectively. A total of 15, 14, 17 and 10 animals was included in the PBS, LPS, heat-killed Gram-negative bacteria mixture (HKGn) and HKGn+C87 conditions on the following day, respectively ( Figure S5E ).
Social interaction
The sociability of rats was tested in a Plexiglas open-field arena (72 3 72 cm 2 , 30 cm high) with small circular wire cages (15 cm in diameter, 20 cm high) in two corners. First, animals were allowed to explore the arena for 3 min to determine the baseline of exploratory behavior against the novel subjects without social targets. All movements were recorded with video-tracking. We defined a preferred corner area as one area (30 3 36 cm 2 square around a wire cage) where the animal spent more time during the baseline period. Next, a sibling rat was placed into one cage that was less preferred during the baseline period, and movements were monitored for another three minutes. In this social approach model, time spent in the interaction and overall locomotion were compared by an examiner in a blinded experimental condition. Sociability index was calculated by dividing the time difference between time spent in the interaction zone and in other areas with and without a sibling by total time, as following;
where T as the resident time (sec), Ta test as time spent in the area where the sibling caged in the test period, Ta test as time spent out of the area where the sibling is caged, and T total as 180 s. Ta baseline and Ta baseline are those in the baseline period. In Figure 6C , abbreviations are given in the equation of sociability index. A total of 15, 15, 12, 13, 16, 13, 16, 14, 14, 17 and 13 animals was included in the PBS, LPS, HKGn, HKGn+C87, TNF-a, ATP, dMG+LPS, LPS to hemisphere, LPS to posterior lobes, dMG and C87 conditions, respectively.
Same corner preference
We tested the preference of the place where animals continue to locate in the platform of the social interaction test. First, we defined a preferred corner area (5 3 5 cm 2 square: SW, SE, NW and NE) as a corner where the animal spent more than 1 min during the baseline period. In the next session, with a sibling rat in one wire cage, we measured the time when rats spent in the same corner where they preferred, and we scored the time in second as the index. When one has no preferred corner in the first session, the sore is zero. A total of 15, 15, 12, 13, 16, 13, 16, 14, 14, 17, and 13 animals was included in the PBS, LPS, HKGn, HKGn+C87, TNF-a, ATP, dMG+LPS, LPS to hemisphere, LPS to posterior lobes, dMG and C87 conditions, respectively.
we used the Wilcoxon signed-rank test between the mean DATP at À6 to À2 min and at +20 to +28 min. In Figures S5D and S5F , we used the unpaired Student's t test (two-tailed, unequal distribution). p < 0.05 was considered statistically significant, unless otherwise stated. All boxplot graphs show interquartile range with centered bars as median, minima and maxima of all of the individual data.
Overlapping red marks on boxes represent mean ± SEM. Other thresholds are provided for each relevant comparison. Outliers in experiments of open field test, with the number of zero to three in each group, were excluded under assumption of normality by Grubb's test. All statistical analyses were preformed using MATLAB.
